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The slielerol re3ponse fo simuloied weightlessness wos sludied
in rqts subiected tb mo differenr merhodiof suspension. Skeletol
unloqding bt rhe hind limbs fror o lwo week period wos ochieved
by use oI eilher o bock horness or tqil froclion. ln comporison
to poir-fed confrol rofs, bock-suspended rots foiled lo goin
weiiht whereos ioil-suspended rois exhibited normol weight
ooin-. Quonfilotive bone histomorphomeltY reveoled morked
ik"l"tol obnormqlifies in the proximol tibiql metqPhysis of
bock-ruspended rols. Loss of tiobeculor bone moss in these
onimols wos due lo o combinotion of depressed longitudinol
bone qrowth, decreosed bone formolion, ond increoged bone
.esorplion. In conlrosf, the proximol ribio of toil'suspended rots
wos 

-relotively 
normol by these histologic criterio. However,

o sionificonl' reduclion in trqbeculqr bone volume occurred
duririq 2 weeks of foil suspension, possibly due to o lronsienf
inhibiiion of bone formotion during lhe eoily stoges of skeletol
unlooding. Lock of weighr goin in bock'suspended.rots moy
be indicirive ol o pronounied sfress response during which-
corficosleroids odveriely qffected the skelelon. Moinlenonce ol
normol weight goin by toil-suspended rots p-rovides evidence
for the less froumotic nqture of rhis merhod of suspension. Our
findings indicote rhof tqil sdspension moy be o more oppropriote
modei-for evoluofing the effects of simuloted weightlessness on
skeletol homeostosis.

T OSS OF SKELETAL mass is a potentially serious
IJ consequence of long-term space flight. Skylab
astronauts exhibited a significant decline in the bone
mineral density of the calcaneus after 84 d of orbital
flight (17). Rats placed in orbit aboard Soviet Cosmos
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biosatellites were characterized by a reduced mass of
trabecular bone (8,23) and an accumulation of marrow
fat (8). Although bone resorption was not altered in
these animals (1), weightlessness inhibited periosteal
bone formation (14,22) and induced a decline in the
metaphyseal osteoblast population (8). These findings
suggestihat bone loss during space flight is due primarily
to diminished bone formation.

The relative infrequency and prohibitive expense of
space experimentation emphasize the need to develop
ground-base models of weightlessness. Bed rest has
been used to mimic space flight in humans. Although
bone loss occurs in adults subjected to prolonged bed
rest (2), restrictions on the use of invasive techniques
(i.e., bone biopsy) in humans make it difficult to
determine the pathogenesis of the osteopenic changes.
For this reason, animal models of weightlessness are
of considerable interest. As an initial approach, total
mechanical unloading of the hind limbs was achieved by
suspending rats with an orthopedic harness attached to
their backs (13). Skeletal alterations in back-suspended
rats were determined to be comparable in nature but
more severe in extent than the bone changes observed
in rats subjected to space flight (21)' However, the
traumatic nature of back suspension, as evidenced by
lack of weight gain (21), is an undesirable aspect that
complicates interpretation of the results. Consequently,
a less traumatic method of simulating weightlessness was
developed in which rats are suspended by their tails.
The purpose of this report is to compare the skeletal
response of rats subjected to simulated weightlessness
by back or tail suspension.

MATERIALS AND METHODS
In a prior study,  }-d'old male Munich Wistar rats

that welghed an average of 130 g were suspended
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';w i
Fio. l. Ror suspended from on orthopedic horness bonded to

irs btck to induce o cepholod fluid shift ond totol mechonicol
unlooding of the hind limbs'

from a freely rotating aluminum beam by means of
an orthopedic harness bonded to their shaved backs
(Fig. 1). The methods have been described previously
in detail (13,21). The rats were anesthetized by means
of an i.m. injection of pentobarbital (50 mg'kg-' body
weight). After attachment of an orthopedic harness,
rats-were suspended with a headdown tilt (-30') to
initiate a shift-of body fluids similar to that experienced
during space flight. Total mechanical unloading of the
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hind limbs occurred, but the forelimbs remained in
contact with the floor of the model to allow movement
and continuous access to food and water' Ten rats
were maintained on this model for a 2-week period
during which their weight and food consumption -we.re
moniiored. Ten control rats were housed individually
without attachment of the orthopedic harness to their
backs. Their food consumption was matched to that of
the suspended rats. All animals were housed in a room
maintained at24"C and illuminated with fluorescent light
12 h daily.

In the 
-current 

study, male Munich Wistar rats that
were 43-d-old and weighed an average of 1249 were
subjected to tail suspension (Fig. 2). Conscious rats were
loosely restrained in a towel while their tails were mildly
abraded with gauze soaked in 70% ethanol. Tincture of
Benzoin was sprayed on the skin for protection against
adhesive tape irriiations and allowed to dry. A strip of
orthopedic tape, attached to a plastic suspension bar,
was applied to the lateral sides of the tail. The tape was
then secured by wrapping a strip of stockette around the
tail. Each rat was then attached via the plastic suspension
bar to a pulley system mounted on the top of an acrylic
housing unit. The 10 rats suspended in this manner
*"re ullo*ed freedom of movement and access to food
and water. Food consumption and body weight were
recorded daily. The control rats were housed individually
and pair-fed according to the food consumed by the
suspended animals. The room in which the animals were
housed was maintained at 24"C with a l2-h light/dark
cycle.-To 

label calcifying tissues (12), all,rats were rn-
jected intraperitohea-lly with 10 mg'\g-' .body weight
bf tn" tetracycline derivative demeclocyline (Lederle
Laboratories, Pearl River, N.Y.) 24 h prior to sacrifice'
At autopsy, the proximal thirds of the right .tibiae
were placed in l6Vo phosphate-buffered formalin for

, 'iifl'
i'l'":1,fli
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Fiq. 2. Skeletol unlooding of the

hind-limbs in o rol subiected ro toil
suspension. A control rol is seen
to rhe right.

M, .u
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24 h. After dehydration in ethanol, the bone specimens
were embedded undecalcified in methyl methacrylate
and sectioned longitudinally with an AO/Autocut Jung
1140 microtome. Thin sections @ pm) were stained
according to a modification of Goldner's method (6) for
bone histologic analyses. Unstained sections of L0 pm
thickness were subjected to an ultraviolet microscopic
study of fluorescent tetracycline labels.

To measure the rate of longitudinal bone growth, the
distance between the growth plate-metaphyseal junction
and the fluorescent tetracycline band that parallels
the growth plate was quantified with a calibrated
eyepiece micrometer (20) at five equally-spaced sites
per section. These measurements were performed under
UV illumination in two sections per animal. The rate of
longitudinal bone growth was calculated by dividing the
distance between the tetracycline band and the growth
plate-metaphyseal junction by the time interval between
administration of the tetracycline label and sacrifice.

Quantitative bone histomorphometry was performed
with the aid of al|lderu grid (11) in 4-pm thick sections
of the proximal tibial metaphysis. The area sampled was
standardized in relation to the growth plate-metaphyseal
junction. The number of points superimposed over
mineralized tissue (calcified cartilage and bone), bone
marrow, and fat were recorded. The fractional area of
mineralized tissue, commonly referred to as trabecular
bone volume, was determined by dividing the number of
points lying over mineralized tissue by the total number
of points. The fractional area of fat in the bone marrow
was calculated in a similar manner.

The number of osteoblasts (bone forming cells) and
osteoclasts (bone resorbing cells) adjacent to trabecular
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bone surfaces of the proximal tibial metaphysis were
also quantified. The data are expressed as number
of cells per mm trabecular bone perimeter. This latter
parameter was determined by recording the number of
intersections of the semicircular grid lines with the bone-
bone marrow interface. Trabecular bone perimeter was
calculated by multiplying the number of intersections by
the constant d, which is equal to the distance between
grid points (11).- 

Student's /-test was used to evaluate statistical dif-
ferences between suspended and control groups. P values
less than 0.05 are considered to be significant.

RESULTS

Fig. 3 and 4 depict the body weights of suspended
and control rats as a function of time. Rats subjected
to back suspension failed to gain weight during 2 weeks
of simulated weightlessness. These animals weighed
significantly less (p < 0.001) than pair-fed control rats
at the end of the suspension peqiod. In contrast, rats
subjected to tail suspension gair\ed weight at a rate
comparable to that of the pair-fed control group' At the
end of 2 weeks of simulated weightlessness, the weights
of tail-suspended and control rats were not significantly
different.

The results of quantitative bone histomorphometry
in the proximal tibial metaphysis of rats subjected to
back and tail suspension for 2 weeks are listed in Table
L A photomicrograph of a representative bone section
from which the data were collected is shown in Fig. 5.
Back-suspended rats were characterized by a loss of
trabecular bone mass, an accumulation of marrow fat,
and a depressed rate of longitudinal bone growth. In
addition, a decline in the osteoblast population and
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Fio. 4. Bodv moss os o funclion ol time in toil-suspended
ond'poir-fed control rots. The body mosses of toil-suspended
ond iontrol rdls were not significonrly different ql the end of
lhe suspension period.
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Fio. 3. Body moss os o frinction of time in bock-suspended ond
poir-fed conlrol rots. Bock-suspended rofs weighed iignificontly
iess (p<0.001) thon poir-fed control rols ot the end of the
suspension period.
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TABLEIouAY;+{fKEs,3'dFrT3ffii5%ts'T^WEth'il;1".'"ltoxIMALrIBIAL

Method of
Suspension Group

Trabecular Bone
Volume (7o)

Fat Volume
(vo)

Lonsitudinal Bone
Gro-wth (pm'd-')

Osteo-
blasts/mm

Osteo-
clasts/mm

Suspended
( N : 1 0 )

Control
( N : 1 0 )

1 .7-r- 0.3

71.74
! 6 . 3

24.6- r7 .0

19.8"
+ 10.0

2.8-+- 1.5

47.1?
-f 18.9

t25.5
1- 24.6

2r.v
+ 3 . 3

27.s- r2 .5

4.3u
+  1 . 0

17.8b-r 2.5
Tail Suspended

(N:10)

Control
( N : 1 1 )

22.0-r 3.7

1 . 1-t- 1.0

0.4
r- 0.5

142.8-r22.9

t52.6- f  15.3

25.2
-F 5.6

2.2
+ 0.8

2 .1
-F 0.4

l o  -+

All values .are the mean + S'D'
ap<O.001; Dp<0.01

increased numbers of osteoclasts occurred in response
to simulated weightlessness. These differences in the

skeletal profile of back-suspended and c^o^ntrol rats are
all highly significant at the level olp 10.001' In contrast
to thE marfed histomorphometric changes detected in
back-suspended rats, most bone histologic parameters
in the pioximal tibiae of tail-suspended rats were not
significintly altered. However, tail-suspended rats did
rittiUit a significant reduction in trabecular bone volume
(p < 0.01). The decline in trabecular bone volume was
al least twofold greater in back-suspended rats (-50Vo
decrease) than in tail-suspended rats (-20Vo decrease)'

DISCUSSION

It was previously determined that su.spension of rats
for a 2-week period from an orthopedic harness attached
to their backi induced marked skeletal abnormalities in

the proximal tibial metaphysis (21). Loss of trabecular
bone mass in these animals appeared to be due to

a combination of depressed longitudinal bone growth,

Fio.5. A bone sPicule (B)
with-odiocenr osteoblosti (between
smoll orrows) ond osleoclosls
(loroe orrows) in the proximol ribiol
metiphysis oi o toil-suspended rot.
x400.

decreased bone formation, and increased bone resorp-

tion. In the current study, suspension of rats by t]l?

Uu.. of their tails for the same length of time did

not alter to the same degree skeletal processes in

tt e pio"itnul tibia' Since total mechanical unloading

of tfr" hind limbs occurred during both methods of

suspension, the data indicate that the skeletal alterations
obJerved in back-suspended rats were not the result

of a lack of weightbearing alone' This concept was

initiaffy suggested-by our finding that bone cha-nges in

G pt6"i-1i tibia and humerus of back-suspended. rats

*"16 g"n"tully comparable (21). Since the hind limbs

of theie animils losf all weightbearing function whereas

the forelimbs remained in contact with the floor of the

moaef (Fig. 1), it was hypothesized that the skeletal

abnormilities induced by back suspension were system-lc
iuttr"r than confined to the unloaded hind limbs' In

uie* of the stressful situation to which back-suspended
,ui, *"t" subjected, as evidenced by lack of weight

!uin, ttyp"trecietion'of corticosteroids may be involved

--ff-ffi-;.-- ru, fuT * # 
#M ,,;,ffi,,W*j * *'ffi*flffi*.'*

,W,  
,4 ;*  n ,#  q ,  ' *  

W  
*  Y . . *

''ffiffi
il'u * Yffrys
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in the etiology of these systemic. skeletal,defects' In a

rI"Iy o"tig"Eh to t"titttii hypothesis,.Feller et al' (4)

determined tfrat a transi""t,'fi"t signiiicant' increase' in

;Iil" corticoster-one and trypertt"phy -tl :grenal 
tissue

'occurred 
in rats after 2 d of back suspension' However'

subsequent measurements in back-suspended rats on

e;;; i. 5. and 7 were similar to control values' Other

#*,jg"tt^ t"pott"A tnut adrenal hypertrophy persisted

for the entire 1st weelr of hypokinesia in.rats suspended

i;;^;;;;;* (15)' Neverilieless, an enhanced skeletal

;;;;* 6 ,tor*ul circulating levels of corticosterone

;ffi;; ""pruin"a on the baslis of an increased density

of slucocorticoiO recepiors at th€ target organ' Such

;'pil;;;;;; h;; b'een described in atrophied leg

muscles of suspended and immobilized rats (3'19)'"^ift" 
ttt".tes associated with other forms of weightless-

n"tt unJ-i.*obilization are thought to stimulate adrenal

il;t6: rlt'".#f1e, an acutJ threefold increase in

ur inarvcor t rcos terord leve lswasrepor ted inadu l t
;#:f ;;6;-l;rnouiti'ea bv chair. restraint (10)'

iffi;t.pftd' adrenal glands were detected in rats

olaced in orbit aooarJ So"viet Cosmos bios-atellites (1,6)'

5;tfiil;;;; had elevated levels of plasma cortisol

;litfffiffi ,h; dfii"; of their long-term missions (9)'
These findings suggest that the skeletil response to actual

unJ-.i-,ttutiA .fi"" flight may be mediated' in part'

by corticosteroids.
Maintenance ot normal weight is considered to be a

n.n.iui inO"x of an animal's tloletanc" to experimental

:;ilil;;;.;t .""tion"o above, lack of weight gain

ir^U""t-t"tpended rats may be indicative of a stress

i"rpo"t". itti. po.tiUility,'as well as the potential

for inanition to arfect itre sketeton adversely (18)'

complicates interpreiation of the results' In contrast' the

;;"";;;-i;. tuit-t,t.penoed rats to maintain normal rates

;H;igtr;;in piouio"t evidence for the less traumatic

nature of this meth;d of suspension' Therefore' tail

.rr.oin.ion facilitates determination of the skeletal

;ffiil;'i"-l*"iut"a weightlessness bv minimizing
undesirable side effects'-'f-onni,"alnal 

bone growth and the bone cell popula-

tio;-ff ihe proximal 
-tibia 

of tail-suspended rats were

iii"ii*rv t"imal after 2 weeks of simulated weightless-

n!tt. N6u"ttheless, a decline in trabecular bone mass

*ui"uia"nt in these animals. This finding agrees,with

a orevious report that the tibiae of tail-suspended rats

"Jtttuln substintially less calcium than-the tibiae ot par-

fed control rats after L5 days of skeletal unloading

i;t. b;;i"ss in tail-suspended rats mav be due to a

transient inhibition .T Ut"'" ftttation' Glbbus et al' (5)'

found that calcium uptake by the tibia was decreased

ir-idf-t*p"nded rat^s on the 5th day of simulated

*"iehtl"ttn"ss but returned to control levels after the

i'0-,fr^J;y Tilse data suggest that an inhibition of bone

formation occurs Auri"!"ttte early..stages-of skeletal

;;ilJi;t. HistomoiphSmetric findings of decreased

ott"oUfu.t surface and'number in the tibia on the 5th day

oi'iuii *tp"nsion support .this concept.(7)' Therefore'

i*U"."fut'bone loss iespite normal histologic indices

;ft;; ;"torption and iormation on the L4th day-.of

iull ,rrrp"rrrion could be accounted for by an earlier

transient inhibition of bone formation'

In conclusion, the skeletal response of rats to

,i."r"i"J-*eighilessnest iot u 2-wie! p-eriod varied

#;#;ry-aLoraing !o- the. method of- suspension'

il;k-t;tp;;tded rats Exhibited severe osteopenia 'and
_"i-tJ "t"letal abnormalities in the proximal tibial

ffi ;thd;;d;"ut ttt" f to*imal tibia of- tail-suspended

ruir,'liittt the exceptibn of mild. osteopeni.a' *u:

t"i"if""iv^""rmal by histologic criteria' These divergent

results may be u .ontlqu""nce of a more pronounced

;;;-t;tinse in back-suspended.rats' as suggesteo

Lv-f""t o? weight gain in these animals-' Maintenance

;i ;;;;;i*"-ie? g"ui" uv tail-suspended.rats provides

""iJ"""" for tlie leis tiauinatic nafure of .this method of

ilil;;'^o"i ti"ai"gs indicate that-tail suspension is

rt"I"t"ui" to back susf,ension for evaluating the effects

5i";tt;;;;J *"ignir"itt"ss on skeletal homeostasis'
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